Fifteen second-parity sows were used to determine the importance of vitamin E (E) and selenium (Se) supplementation of the sow's diet and colostrum consumption by the neonatal pig on tolerance to parenteral iron. Selenium (.1 ppm) and E (50 IU/kg) supplementation of the diet of the sow increased plasma tocopherol and Se concentrations, but did not increase plasma glutathione peroxidase (GSH-Px) activity. Colostrum had greater concentrations of E (primarily a-tocopherol) and Se than milk. Plasma biological antioxidant status (tocopherol level and GSH-Px activity) of pigs at birth was very low, but by 2 d of age had increased, especially in ~-tocopherol (nearly a 20-fold increase). Liveability and body weight gain of pigs were not affected by the pre-colostrum iron injection (200 mg Fe as gleptoferron); however, plasma tocopherol concentrations of Fe-injected pigs were lower and plasma Se concentration and GSH-Px activities were higher at 2 d of age than values of pigs not receiving parenteral Fe. Supplementation of the dam's diet with E and Se maintained high tocopherol and Se levels in her colostrum and milk and a high biological antioxidant status in her pigs throughout the nursing period.
Introduction
Parenteral administration of iron (Fe) to nursing pigs is a common practice in the swine industry to prevent anemia (Miller, 1981) . However there are reports of toxic effects, including waxy muscle degeneration and transudations into the pericardium and thoracic cavities, following Fe administration to nursing pigs. Death losses, often involving the majority of the litter, occurred 8 to 12 h after the administration of a commonly accepted form and amount of parenteral Fe (Lannek et al., 1962; Tollerz, 1973) . The toxic effects of Fe are thought to be a result of concomitant vitamin E (E) and selenium (Se) deficiency in the sow's diet (Tollerz and Lannek, 1964) .
Iron toxicosis from parenteral Fe-dextran has been difficult to produce in baby pigs in the United States even when levels of E and Se are 1 Michigan Agr. Exp. Sta. Journal Article No. 1169. 2 Dept. of Anita. Sci. 3 Dept. of Pathol. 4 To whom reprint requests should be sent. Received August 12, 1985 . Accepted June 12, 1986 low in the dam's diet unless massive doses were given to the pigs (Cook et al., 1981) . However, there has been some concern that pigs may have a low biological antioxidant status before consuming colostrum and, thus, may be especially sensitive to parenteral Fe administration.
The experiment was undertaken to study the effects of E and Se supplementation of the sow's diet on the pre-colostral pig's ability to cope with parenterally administered Fe, to determine the effect of dietary E and Se on levels in colostrum and milk, and to examine the effects of colostrum and milk consumption on the plasma biological antioxidant status of pigs from birth to weaning.
Materials and Methods
Fifteen Yorkshire x Landrace sows housed in confinement during gestation and lactation were fed corn-soybean meal diets (table 1) that were (five sows) or were not (10 sows) supplemented with adequate levels of E (50 IU/kg as dl-~-tocopheryl acetate) and Se (.1 ppm as sodium selenite). By analysis, the basal and supplemented gestation diets contained 7.1 and 44.6 #g tocopherol/g of dry matter (DM) and .06 and .18 ppm Se, respectively. The basal and supplemented lactation diets contained 4.7 and 14.9 pg tocopherollg DM and .05 and .26 ppm Se, respectively.
The 1 0 sows on the basal diet and five sows on the supplemented diet were second-parity sows that had been on similar dietary treatments throughout their first gestation and lactation, except that in the first parity the diets were formulated from corn that had been stored as high-moisture shelled corn for 6 m o and then dried t o 13% moisture before grinding and mixing in diets. Blood samples were taken from the anterior vena cava of the sows during late gestation (about d 105), immediately after parturition and o n the 21st day of lactation. Sows were weighed just before the blood samples were taken. Colostrum was collected while the sows were farrowing. Milk samples were taken a t 2 and 21 d post-farrowing, after administering 6 0 U.S.P. units of oxytocin im. The udder was washed with warm water and dried with paper towels prior t o milking. Uniform amounts of milk were expressed from all functional nipples o n one side of the sow's udder. Approximately 30 ml of colostrum or milk were obtained at each sampling and stored in capped, plastic vials a t -20 C until analyzed.
Pre-colostral pigs were weighed and a 10-ml blood sample was taken from the anterior vena cava. One-half of the pigs in each litter was then given 200 mg Fe im in the form of gleptoferrons and all pigs in the litter were placed on the sow t o nurse. At approximately 4 8 h of age the pigs were again weighed, a 10-ml blood sample was taken, and each pig in the other one-half of the litter was given 200 mg of Fe im as gleptoferron. The pigs were weighed and blood samples were taken a final time at 21 d.
Heparinized blood samples from the sows and pigs were analyzed for packed cell volume (PCV; McGovern et al., 1955) and hemoglobin (Hgb) concentration (Crosby e t al., 1954) . Mean corpuscular hemoglobin concentration (MCHC) was calculated from PCV and Hgb values.
Plasma was harvested from the remaining blood after centrifugation and was stored at -20 C under nitrogen until analyzed.
Plasma glutathione peroxidase (GSH-Px) activity was determined by the coupled assay of Paglia and Valentine (1967) as revised by Lawrence e t al. (1974) . Tocopherol was determined in duplicate plasma samples by a ftuorometric procedure modified from a tissue 0t-tocopherol procedure (Taylor, 1976) . Plasma Se concentrations were determined by a modification of the Olson method (Whetter and Ullrey, 1978) . Plasma iron concentrations were measured by an atomic spectrophotometric procedure (Olson and Hamlin, 1969) . Milk and colostrum Se concentrations were determined with the plasma procedure (Whetter and Ullrey, 1978) ; however, the samples were weighed to eliminate error due to viscosity, and the samples were predigested overnight with HNO3 and HC1Oa prior to heating to allow slower digestion because of the high fat content of the samples.
Milk and colostrum cx-and/3-+ "), -tocopherol levels were analyzed by a high-performance, liquid chromatography method adapted from Neilson et al. (1973) and Pickston (1978) .
The sow data were analyzed as a split-plot design, testing the effects of diet and time on each variable. In the event of an interaction (P<.05), Scheffe's test (Gill, 1978) was used to determine the significant effect of diet at each time and the time effect for each dietary treatment. Pig data from birth and 21 d of age were analyzed using a nested one-way analysis of variance. The values for 2-d-old pigs were analyzed as a nested split-plot design to test for both dam diet and pig iron treatment effects (Gill, 1978) .
' Results and Discussion
Sow Plasma. Sows that were fed the E-and Se-supplemented diets during gestation and lactation had higher (P<.0001)plasma levels of both E and Se in late gestation, and maintained significantly higher plasma levels of these nutrients throughout lactation than sows fed the unsupplemented diets (table 2). The supplemented sows had a tendency (P<.10) to have a higher level of plasma GSH-Px activity than the sows on the basal diet.
Supplementation of the sow's diet with .1 ppm Se and 50 IU of E.kg -1 maintained a constant plasma Se level from late gestation through lactation, whereas the plasma Se level of sows on the basal diet decreased (P<.01) during the lactation period. Mahan et al. (1975) reported a similar decrease in serum Se in sows fed a diet not supplemented with Se, while Se-supplemented sows maintained their serum Se levels.
The plasma GSH-Px activity did not follow the same pattern from gestation through lactation as plasma Se. Plasma GSH-Px activity decreased (P<.01) in both dietary groups at parturition. Plasma GSH-Px activity of sows on the basal diet tended to decrease over the lactation period. Lane et al. (1984) suggested that a decrease in tissue GSH-Px activity during lactation was due to the partitioning of Se into the milk. This may also explain why the plasma GSH-Px activity decreased at parturition and tended to decrease throughout lactation in sows on the basal diet.
From late gestation to parturition, plasma tocopherol concentration decreased (.83 and .62 /lg/ml in sows fed supplemented and basal diets, respectively). The sow's plasma tocopherol level did not significantly change from parturition to d 21 of lactation. The decrease in circulating tocopherol at parturition with a leveling off during lactation has also been described by Mahan et al. (1975) . The rapid decline in plasma tocopherol at parturition is probably a consequence of a considerable amount being partitioned to the colostrum.
Sow Colostrum and Milk. Sow's milk was analyzed for Se and tocopherol concentrations at three stages: colostrum, at 2 d and at 21 d postpartum (table 3). The sows had higher (P<.001) Se concentration in both colostrum and milk as a result of dietary E and Se supplementation. Towards the end of lactation, the milk Se levels of control and E-and Se-supplemented sows became more similar. However, milk of E-and Se-supplemented sows was still higher (P<.05) in Se than that of sows on the basal diet, in agreement with the observations of Mahan et al. (1975) . The rapid decline in Se as colostrum changes to milk may be a consequence of the declining protein level. Studies have demonstrated that the Se present in milk is primarily associated with the protein fraction (Jones and Godwin, 1963; McConnell and Roth, 1964) .
There was a highly significant dietary effect reflected in higher levels of a-tocopherol and lower concentrations of fl-+ T-tocopherol in the colostrum and 2-d milk of E and Se supplemented sows. However, the r levels in milk of sows in both dietary groups decreased (P<.01) sharply by the second day of lactation. This decrease in ~-tocopherol level in early lactation has also been reported for human milk (Jagadeesan and Prema, 1980; Jansson et al., 1981) , bovine milk (Herring and Drury, 1969) , and swine milk (Neilsen et al., 1973; Maim et al., 1976) . After the initial drop in ~-tocopherol, there was a lesser decline in total tocopherol concentration over the remainder of the lactation period. The differences due to dietary treatment diminished by the end of the lactation period for ~-tocopherol, but the /3-+ ~/-tocopherol continued to be significantly lower in the supplemented sows throughout lactation. Maim et al. (1976) found an increase in both colostral and 3-wk milk total tocopherol concentrations due to supplementation of E in the sow's diet.
The j3-+ 3,-tocopherol from both treatment groups were very low in colostrum, increased (P<.001) by the second day of lactation, and then maintained a constant concentration throughout lactation. Bieri and Evarts (1975) recommended that plasma tocopherol levels be expressed in relation to plasma lipid levels. Because sow's milk has a relatively high fat content, colostrum and milk tocopherol concentrations were expressed on a total lipid basis. The percentage of total lipids at the three stages of lactation are reported in table 3. There was no dietary effect on lipid level in colostrum or milk. However, the lipid concentration was low in colostrum, increased (P<.001) by 2 d, and remained constant throughout lactation. This pattern is similar to the pattern seen previously for /~-+ ~'-tocopherol. The similarity in the concentration pattern of lipid and /3-+ 7-tocopherol may indicate that the ~-+ 3,-tocopherols vary directly with the amount of fat in milk.
When the tocopherols are expressed per gram of lipid there is a higher level of ~-tocopherol in the colostrum (P<.001) and the 2-d milk (P<.01) of sows on the supplemented diet. The 3-+ ~'-tocopherol level was higher (P<.01) in the colostrum and milk of the sows on the basal diet throughout the entire lactation.
The colostrum and milk values of total tocopherol per gram of fat for the supplemented sows are consistent with values reported by Maim et al. (1976) for vitamin E-supplemented sows. The values that Maim et al. (1976) reported for non-supplemented sows were much lower than those reported in this study. The difference was most likely due to the semi-purified diets supplemented with either lard or corn oil used in the Maim et al. (1976) study.
As total tocopheroI changes in concentration from the colostrum to milk, so also did the composition of the tocopherol. Figure 1 demonstrates the levels of r and/~-+ 3,-tocopherols in colostrum and milk. As colostrum changed to milk there was a great increase in the proportion of/3-+ 7-tocopherol, and this continued to rise throughout lactation. The 13-+ 7-tocopherol made up the majority (60 to 75%) of the tocopherol found in the milk of sows fed the basal diet. With no supplemental E Colostrum 2-d milk Figure 1 . High-performance liquid chromatography tracings of tocopherols in sow's colostrum and 2-d milk. Note the very high percentage of the more biologically active ,v-tocopherol in colostrum and the predominance of the less biologically active/3-and q'-tocopherols in 2-d milk.
in the basal diet, the tocopherol compounds may have come from the corn and soybean meal, which were both higher in 7-tocopherol than in 0t-tocopherol (Bauernfeind and Cort, 1974 ), possibly explaining the higher level of/3-+ 7-tocopherol found in colostrum and milk of the sows on the basal diet. The practical importance of this finding is that the biopotencies of /3-and 7-tocopherol in relation to a-tocopherol are 40 and 10%, respectively (Bieri and McKenna, 1981) . Therefore, not only were pigs nursing the sows on the basal diet receiving significantly less total tocopherol in the milk, but the majority of the tocopherol was in a less potent form. Pigs continually nursing may be able to maintain a relatively high level of tocopherol in their plasma 9 However, when the pigs are weaned, their plasma E level may drop more rapidly if they had nursed a sow on a non-supplemented diet. This may explain why signs of E and Se deficiency in swine occur most often in recently weaned pigs (Ullrey et al., 1970) .
Pigs. The effects of E and Se supplementation of the sow's diet on the pig from birth to d 21 of lactation are summarized in table 4. There was no significant dietary effect on plasma tocopherol or Se levels in the pre-colostral pigs; however, there was a tendency (P<.10) for the plasma GSH-Px activity to be greater in pigs born to sows on the supplemented diet. The pig's plasma Se concentration is about 25 to 30% of the level of Se in the sow's plasma at parturition 9 This same tendency was observed by Hyvonen-Dabek et al. (1984) in humans for bThese pigs received 200 mg of Fe ira as gleptoferron prior to colostrum consumption.
CThese pigs did not received supplemental Fe until the 2-d blood sample was taken, after which they received 200 mg of Fe im as gleptoferron.
dError mean square.
esignificance of mean differences due to E and Se supplementation of dam's diet.
fNumber in parenthesis is the number of pig values incorporated in the mean.
g'hEffect of pre-colostral Fe injection upon 2-d values (P<.05).
INot significant (P>.10).
JDifferences due to time within dam treatment were determined by pooling the 2-d data and using the Statistical Package for the Social Sciences double split plot design to calculate EMS and degrees of freedom to make time comparisons using Bonferoni's T test (Gill, 1978) . There were no differences (P>.10) between mean time values of plasma Se. All time mean values of plasma tocopherol differed (P<.01). Mean plasma GSH-Px activity at 21 d differed from other time means (P<.O1).
serum Se levels in maternal blood and umbilical cord blood at parturition. Korpela et al. (1984) found that the levels of Se in human maternal and umbilical cord blood were similar, but found three fold higher selenium concentrations in the fetal membrane and the placenta. This suggests that monitoring only plasma Se levels may not be appropriate since the Se may be preferentially incorporated into certain tissues.
Plasma tocopherol concentrations were very low at birth and in many samples were not detectable, possibly indicating inefficient placental transfer (table 4) . Studies with pigs (Young et al., 1977) , rat (Pazak, 1983) and humans (Martinez et al., 1981) also found low circulating levels of tocopherol in the neonate. Maim et al. (1976) , however, has reported 2.2-to 19.3-fold higher serum E levels in neonatal pigs than the E levels in their dams. From the literature on circulating levels of E, it is difficult to determine if there is a good placental transfer of vitamin E. However, some research indicates that E may be efficiently transferred but is preferentially incorporated into lung and liver tissues (Pazak, 1983) .
Plasma tocopherol concentrations increased (P<.01) about 18-fold in both dietary groups of pigs by 2 d of age, with a greater (P<.O01) concentration found in the pigs suckling supplemented sows (table 4). The increase in plasma tocopherol at 2 d of age was likely due to the high level of tocopherol in colostrum.
The plasma tocopherol level of the baby pig declined (P<.01) from 2 to 21 d of age. However, there still tended to be differences due to the sow's diet.
The data from this study indicate that pigs are born with relatively low circulating levels of tocopherol, Se and GSH-Px, and that these levels will be increased in the pig after the consumption of colostrum. Thus, it appears that colostrum consumption is important for the biological antioxidant status of the neonatal pig.
From the studies of Lannek et al. (1962) , Tollerz and Lannek (1964) and Tollerz (1973) , one may conclude that the biological antioxidant status of the neonatal pig is vital for protection against Fe toxicosis associated with administration of parenteral Fe to the neonatal pig as a prophylatic measure to prevent anemia. At 2 d of age the pigs given the Fe had higher (P<.05) plasma Se levels, higher (P<.05) plasma GSH-Px activity, and lower (P<.01) plasma tocopherol levels than pigs that did not receive Fe. The decrease in plasma tocopherol may be a result of its interaction with peroxy radicals generated in the process of lipid peroxidation, which is catalyzed by iron. This series of reactions has been shown to occur in vitro (Fukuzawa et al., 1981) . The increase in plasma GSH-Px activity may be a result of the higher plasma Se level present in the iron-treated pigs, or it may be a response to an increased requirement of the pig for biological antioxidants. Sklan et al. (1981) reported that chicks fed E-deficient diets had higher GSH-Px activity. Swine with a high GSH-Px activity were found by Jorgensen and Wegger (1979) to be less susceptible to disease, particularly diarrhea and lung diseases, than those with low GSH-Px activity even though all pigs had adequate levels of E and Se in their diet.
The analysis of hematological measures of the pigs at 0, 2 and 21 d are reported in table 5. Pigs that suckled supplemented sows and were given an iron injection prior to colostrum consumption had a higher (P<.10) hematocrit value at 2 d of age than pigs that did not receive iron and pigs that received iron but that were nursing sows fed the basal diet. There was no difference in plasma Fe concentrations of pigs due to the dietary treatment of the sow. The decline (P<.01) in both hemoglobin and hematocrit from birth to 2 d can be explained by the 10-ml blood sample taken from each pig at birth and the extensive protein influx into the blood of the pig as a result of colostrum consumption, thereby causing the vascular system to take up fluid and, consequently, resulting in hemodilution (Ramirez et al., 1963) .
Individual pig weights were collected and are summarized in table 5. There was no difference in weight due to the sow's dietary treatment. This is in agreement with Maim et al. (1976) . The pre-colostral iron injection affected the pig's performance because pigs from sows on both dietary treatments had higher (P<.05) 2-d weights than pigs that did not receive iron.
Reproductive performance data are reported in table 6. There was no dietary effect on average litter size at birth, 2 or 21 d of age. Average pig and sow weights were not affected by the sow's dietary treatment.
In conclusion, it can be stated that E and Se supplementation of the sow's gestation and lactation diets permitted the sow to maintain high plasma E and Se levels throughout lactation. Supplementation of the dam's diet with E and Se did not have an effect on the plasma CThese pigs did not receive supplemental Fe until the 2-d blood sample was taken, after which they received 200 mg of Fe as gleptoferron ira. dError mean square.
esignificance of mean differences due to E and Se supplementation of dam's diet. fNot significant (P >. 10). gDifferences due to time within dam treatment were determined by pooling the 2-day data and using the Statistical Package for the Social Sciences double split plot design to calculate EMS and degrees of freedom to make time comparisons using Bonferoni's T test (Gill, 1978) . There were differences (P<.O1) between birth and 2-d and 2-d and 21-d mean values of hemoglobin concentration and hematoctit.
h'iEffect of pre-colostral Fe injection upon 2-d values (P<.05).
biological antioxidant status of the pre-colostral pig. However, it did have an effect on the E and Se level in colostrum, and through the consumption of colostrum, the pig's biological antioxidant status was greatly improved. The E and Se levels were also high in the colostrum of sows fed the basal diet in relation to levels in later milk. However, these levels were lower than levels of E and Se in the colostrum of supplemented sows. Consequently, pigs nursing sows on the basal diet had lower biological antioxidant status at 2 d of age than that of pigs nursing sows on the diet with supplemental E and Se.
The administration of 200 mg of iron im prior to colostrum consumption was not fatal to pigs from either dam dietary group. However, pre-colostral administration of parenteral iron had an effect upon the biological antioxidant status of the 2-d old pig in that it resulted in a lower (P<.05) plasma tocopherol concentration, a higher (P<.05) plasma Se concentration and a higher (P<.05) plasma GSH-Px activity than that of pigs not given parental iron. 
